1. The concentrations of electrolytes and free amino acids in plasma and the quadriceps femoris muscle were studied in ten apparently healthy elderly men, 52-77 years of age. The results were compared with those previously recorded for men 20-36 years old.
Introduction
Aging is accompanied by functional and structural changes in most tissues. As a result of such processes, the skeletal muscles lose strength and there is an increase in the proportion of type I1 fibres (Larsson, Sjodin & Karlsson, 1978) . The biochemical adaptation to aging is poorly defined. Increased concentrations and an altered composition of plasma amino acids in older subjects may indicate changes in protein metabolism, but concentrations of amino acids (or electrolytes) in plasma do not necessarily reflect a corresponding pattern in the muscle cytoplasm (Zachman, Cleveland, Sandberg & Nyhan, 1966) . Renal disease (Bergstrom, Furst, NoreB & Vinnars, 1975) , hepatic insufficiency (Fischer, Yoshimura, Aquirre, James, Cunnings, Abel & Deindoerfer, 1974) and malnutrition (Felig, Owen, Wahren & Cahill, 1969) are more common in older patients and are all associated with an alteration in muscle metabolism. To identify the specificity of such changes in muscle metabolism it is therefore necessary to study the effect of aging per se. We have therefore measured both amino acids and electrolytes simultaneously in leg muscle and in plasma of elderly but otherwise healthy men. When compared with our previous findings in younger men, several important differences are found.
Material and methods

Patients
We studied ten men 52-77 years old, who from physical examination, routine chemical analyses of blood and urine and chest X-ray appeared to be healthy. There was no evidence of hypertension, cardiac insufficiency or liver, kidney or thyroid diseases. Five patients were studied during admission for surgical correction of innocent disorders (Table 1) . None was being treated with drugs. One patient (no. 5) was overweight. Electrolytes and amino acid measurements were compared with those recorded previously for men 20-36 years old (Bergstrom, Fiirst, Norei & Vinnars, 1974; Bergstrom, 1977) .
Experimental protocol
The patients were hospitalized 1-2 days before the study. They were fed on the standardized hospital diet. Muscle needle biopsies were performed in the morning after an overnight fast; the samples were obtained under local anaesthesia from the lateral portion of the quadriceps femoris muscle, by the technique described by Bergstrom (1962) . Venous blood samples, drawn simultaneously, were analysed for free amino acids and electrolytes.
The study was approved by the Ethical Committee on Protection of Human Subjects, Karolinska Institutet, Stockholm, Sweden. The nature, purpose and possible risks involved in the investigations were explained to the subjects before their voluntary consent was obtained.
Methods
The muscle biopsy specimen was carefully dissected to remove visible fat and connective tissue, and then divided into four portions. Two smaller samples (10-15 mg) were used for the determination of water, fat and electrolytes, and the other two (15-20 mg) for measurements of free amino acids. The methods for determining electrolytes and free amino acid concentrations in muscle have been described before (Bergstrom, 1962; Bergstrom et al., 1974) . The calculation of extraand intra-cellular water was based on the chloride method (Graham, Lamb & Linton, 1967) according to Nernst's equation (Wilde, 1945) , assuming a normal resting transmembrane potential of -87.2 mV (Bolte, Riecker & Rohl, 1963) . Knowing the total water and chloride content in plasma, one can calculate the extracellular concentration of chloride and the extra-and intra-cellular water volumes (Eisenman, MacKenzie & Peters, 1936) . The intracellular concentrations of electrolytes and of each individual amino acid were calculated by subtracting the free extracellular part from the total, assuming that the plasma concentrations were equal to the concentrations in the interstitial fluid. In this calculation it was assumed that none of the amino acids except tryptophan was bound to proteins (Gulyassy, Peters & Schoenfeld, 197 1) . Plasma amino acids were determined after precipitation with sulphosalicylic acid (Zachman et al., 1966; Kedenburg, 197 1) . Serum electrolytes and selected routine chemical factors were measured with a 20-channel Autochemist (AGA, Sweden).
Statistics
Results are presented as mean values f SE. Significance of differences was assessed by unpaired t-test.
Results
The concentrations recorded for serum electrolytes (Na+, K+, MgZ+, C1-) were in all instances within normal limits (Table 1) . Compared with previous findings in subjects about 30 years younger, the intramuscular water content of the elderly men (341 f 5.14 m1/100 g of fat-free solids) was about the same (Table 2 ). The two groups did not differ with regard to intracellular water but the extracellular water in the older subjects (62.8 f 7.21 m1/100 g of fat-free solids) exceeded that of the younger group by about 50% (P < 0.05). Muscle specimens from the older group had a 40% higher total of Na+ and C1-content (P < 0.01 and 0.05 respectively), whereas the contents of K+ and Mg2+ were almost identical in the two groups. The intracellular concentrations of all electrolytes were also consistent with those of the young subjects.
The mean total concentration of amino acids in plasma was 3.62 f 0.22 mmol/l in the present subjects and 3.08 f 0.16 mmol/l in the younger (control) group (Table 3) . This difference was partly accounted for by a rise in the essential amino acids, mean concentrations of which were 0-97 f 0.07 and 0.78 f 0.06 mmol/l respectively in the older and the younger group (P < 0.05). However, the means recorded for most amino acids tended to be higher in the older subjects. The differences were significant for tyrosine, histidine, valine and lysine (Table 3) .
In keeping with the findings in plasma, the total concentration of amino acids in the muscle of the older subjects (55.05 f 4.22 mmol/l of intracellular water) significantly exceeded (P < 0.01) that of the younger ones (33.55 f 1.99 mmol/l of intracellular water). The major difference was accounted for by the non-essential amino acids, the concentrations of which were 45.3 f 3.02 mmol/l of intracellular water in the older and 31.0 f 2.52 in the younger group (P < 0.001). Among the nonessential amino acids the concentrations of aspartate, alanine, citrulline, histidine and arginine were significantly higher in the older than in the younger subjects. Significant differences were also recorded for the two essential amino acids leucine and lysine (Table 3) .
Discussion
Studies in normal human populations have shown age-related changes of importance for the overall regulation of body metabolism. Although there is a considerable variation in total body weight, the percentage lean body mass is gradually reduced (Forbes 8z Reinz, 1970) its oral (ScherstCn, 1966; Andres, 1971) or intravenous administration (Crockford, Harbeck & Williams, 1966) , aging is associated with a progressive deterioration of carbohydrate tolerance. The gradual increase in serum cholesterol with age reflects changes in lipoprotein turnover (Fredrickson & Lees, 1966) . We now focus attention on alterations in electrolyte and amino acid metabolism. As the patients showed no evidence of severe mental or somatic disease, the findings may be related to normal aging processes. Previous studies have demonstrated a slight loss of body water in elderly subjects (Edelman, Haley, Schloerb, Sheldon, Friis-Hansen, Stoll & Moore, 1952; Shock, Yiengst & Watkins, 1953) . The intracellular water was found to decrease somewhat more than that located extracellularly, probably reflecting a reduction in lean body mass (Dud1 & Ensinck, 1977; Steen, Bruce, Isaksson, Lewin & Svanborg, 1978) . The water content per unit weight of muscle tissue solids was, however, found to increase with aging (Dubois, 1972) . This effect was mainly due to a raised extracellular water content, the intracellular water concentration being unaltered. In keeping with these observations, the present study demonstrated that the intracellular space of the muscle specimen accounted on the average for 87.3 f 2.14% of the total water in the younger sdbjects, compared with 81.7 f 0.82% (P < 0.001) in the older ones. The two groups also differed with regard to extracellular water and total concentration of Na+ and Cl-, all parameters being higher in the older men. These observations also agree with previous reports (Dubois, 1972) , which demonstrated increased contents of Na+ and C1-in muscle tissue with aging, whereas K+ and phosphorus were not altered.
The concentrations of intracellular electrolytes were calculated with the chloride method, assuming a resting transmembrane potential of -87.2 mV.
Direct measurements of this potential (Cunningham, Carter, Rector & Seldin, 1971) in healthy subjects have shown that normally it may range between -87 and -90 mV. Although the lack of absolute values for membrane potential could lead to error, it should not invalidate the general conclusions. Thus, even assuming such a low potential as -70 mV, the difference between old and young men with regard to extracellular water content would still be significant.
The pattern of amino acids in plasma is known to be influenced by numerous factors, including age-related changes in hormonal and physical activity. Reports concerning the effect of aging per se are rather conflicting, possibly due to differences in methodology, sampling conditions, age, sex and nutritional state of the subjects studied. A significant age-related decrease in the plasma concentration of about half of the free amino acids investigated in both males and females was reported by Ackerman & Kheim (1964) . Armstrong & Stave (1973) investigated a large series of young, middle-aged and old males and females. The plasma concentrations of alanine and cystine increased with aging in both sexes, as did citrulline and tyrosine in adulthood. Several other amino acids showed a significant increase in adult females but not in adult males. The study conducted by Galante, Angelico, Crocchioni & Pennetti (1978) covered two groups of clinically healthy men and women aged from 21 to 35 years and from 66 to 86 years. The older men had higher concentrations of citrulliie and arginine and lower concentrations of histidine, and a more pronounced age-related increase in non-essential amino acids was recorded for the women. Wehr & Lewis (1966) also found that the mean concentrations of 12 of 18 amino acids were higher in geriatric subjects, but these changes were not statistically significant. To our knowledge data concerning the effect of aging on the free amino acid composition in the largest body pool of such compounds, i.e. the skeletal muscles, have not been published earlier.
In our study the apparently healthy 54-77 year old men were hospitalized only for the study. The concentrations of most amino acids in both plasma and muscle of these men tended to be higher than those previously encountered in 20-36 year old males. The differences were not large either in absolute terms or in the gradient over the cell membrane, indicating unidirectional changes. The only exceptions may be tyrosine and aspartate, which showed a decreased gradient, suggesting impaired peripheral reutilization or enhanced turnover of these amino acids in the elder subjects. As a consequence, the tyrosine/phenylalanine ratio in plasma but not in muscle exceeded that observed for the young group.
Irrespective of the mechanisms involved in the changed amino acid patterns of the elderly men, the present study, clearly demonstrated the importance of having age-matched controls in studies on the effects of various diseases on protein and amino acid metabolism. Studies already' mentioned also indicate that the controls have to be of the same sex, in view of sex-related variations in plasma amino acid concentrations.
